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SECTION  I 


INTRODUCTION 


The  in-bore  projectile  environment  has  been  identified  by  electromagnetic  launcher  (EML) 
projectile  designers  as  a  key  technical  issue  (Reference  1).  This  environment  is  defined  by 
acceleration,  jerk,  magnetic  and  electric  field  intensities  as  well  as  transient  field  effects.  Very  few 
details  of  the  projectile  environment  have  been  verified  although  several  conditions  are  expected  to 
be  rather  harsh.  The  exact  acceleration  of  an  EML  projectile  is  somewhat  difficult  to  accurately 
predict  due  to  the  complex  combination  of  electrical,  magnetic,  mechanical,  and  thermal  forces. 
Improved  techniques  to  provide  high  resolution  measurements  of  the  acceleration,  velocity,  and 
position  histories  of  projectile  motion  are  needed  for  the  development  and  validation  of  predictive  in¬ 
bore  ballistics  codes  and  the  design  and  optimization  of  high  performance  projectiles. 

Thus  far,  the  search  for  accurate,  high  resolution  measurement  techniques  of  EML  projectile 
acceleration  has  proved  to  be  elusive.  Historically,  B-dot  probes  are  the  most  popular  position 
versus  time  measurement  devices  in  electromagnetic  guns.  Like  alt  distance-time  measurements, 
differentiation  is  required  to  obtain  velocity-time  histories,  and  a  second  differentiation  to  obtain 
acceleration-time  histories.  Due  to  limitations  in  the  number  of  probes  and  uncertainties  in  data 
reduction,  the  acceleration  deduced  by  double  differentiation  usually  lacks  the  accuracy  desired  by 
the  researcher. 

Several  techniques  have  been  attempted  to  directly  measure  velocity  as  a  function  of  time;  most 
have  had  no  or  only  limited  success.  The  railgun  flux  loop  technique  (Reference  2)  requires  high 
resolution  digital  data  recording  (10  bits  or  greater)  and  is  constrained  to  constant  current  railgun 
accelerations  to  obtain  good  results.  Techniques  such  as  Doppler  radar  microwave,  visible,  infrared, 
and  laser  interferometry  (Reference  3  and  4)  suffer  from  signal  loss  caused  by  plasma  blow-by,  a 
cloud  of  debris,  or  a  shock  front  traveling  in  front  of  the  projectile. 

The  detection,  storage,  and  retrieval  of  acceleration  data  by  an  on-board  electronics  package  is 
appealing  for  two  reasons.  First,  it  provides  information  on  the  actual  performance  of  a  launcher, 
and  second,  it  signals  the  beginning  of  an  effort  to  equip  EMLs  with  ’smart”  projectiles.  The 
measurement  of  projectile  motion  with  an  on-board  accelerometer  has  been  documented  by 
researchers  at  Boeing  (Reference  5  and  6)  and  Parker  Kinetic  Designs  (PKD)/Army  Research  and 
Development  Engineering  Center  (ARDEC)  (Reference  7).  In  both  instances,  an  on-board 
accelerometer  was  linked  to  an  out-of-bore  recording  device  via  connecting  wires.  Advantages  over 
the  autonomous  recording  package  include;  lower  projectile  mass  for  greater  accelerations,  no  soft 
catch  requirements  to  limit  the  study  of  target  effects/interactions,  and  reduced  hardware 
requirements  for  simplicity  of  design  and  lower  cost.  The  limitations  of  this  technique  are  a 
restricted  positional  range  and  unwanted  electrical  noise  induced  in  the  connecting  wires. 
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Interpretation  of  this  data  is  hampered  by  the  non-constant  mass  of  the  payload  as  the  connecting 
wires  are  pushed  down  the  bore  by  the  projectile  Table  1  is  a  brief  summary  of  test  conditions  and 
pertinent  data  from  these  experiments. 


TABLE  1 .  ACCELEROMETER  TEST  SUMMARY 


Test  Conditions 

PKD 

BOEING 

IBID197 

IBID235 

Maximum  current  (kA) 

550 

150 

821 

941 

Distance  traveled  (m) 

<1.3 

<0.18 

>7 

>7 

Injection  velocity  (m/s) 

— 

0 

149 

162 

EML  velocity  (m/s) 

<300 

... 

264 

360 

Injector  acceleration  (kgee) 

18 

N/A 

3.5 

3.5 

EML  peak  acceleration  (kgee) 

12 

15 

20 

28 

Projectile  mass  (kg) 

... 

... 

1.17 

1.15 

Kinetic  energy  (kJ) 

... 

... 

48 

74 

Bore  size  (mm) 

50 

25 

51 

51 

Armature  type 

— 

— 

plasma 

plasma 
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SECTION  II 


EXPERIMENTAL  HARDWARE/APPARATUS 


The  launch  package,  pictured  in  Reference  8.  consisted  of  a  sabot,  an  armature,  an  electronics 
package,  and  a  containment  vessel  for  structural  protection  and  electromagnetic  shielding  of  the 
electronics. 

The  sabot  was  a  one-piece  structure  fabricated  of  lexan.  Its  multiple  functions  were  as  follows: 
(1)  electrically  insulate  the  electronics  from  the  rails,  (2)  serve  as  a  pusher  plate  for  the  electronics 
containment  tube,  (3)  serve  as  a  mounting  surface  for  the  armature,  and  (4)  seal  the  bore  against 
plasma  arc  blow-by.  The  plasma  armature  was  formed  through  vaporization  of  an  hourglass-shaped 
aluminum  fuse  (Reference  9)  attached  to  the  rear  face  of  the  sabot.  The  hourglass-shaped  fuse  is 
designed  to  ’soften*  plasma  arc  initiation  by  extending  the  vaporization  time.  This  design  was 
chosen  to  mitigate  any  sharp  transients  in  acceleration  that  might  accompany  the  violent  explosion 
of  the  rapidly  vaporizing  fuse 

An  aluminum  containment  vessel  had  the  dual  role  of  shielding  the  electronic  components  from 
Electromagnetic  Pulse  (EMP)  and  providing  structural  protection  of  the  electronics  during 
deceleration.  The  electronic  cavity  in  the  right  circular  cylinder  was  accessed  via  a  threaded  cone- 
shaped  nose.  The  nose  cone  in  these  tests  was  fabricated  of  aluminum;  yet,  the  design  allows 
more  dense  materials  to  be  substituted  if  a  forward  shift  in  the  center  of  gravity  is  needed  for 
downrange  aerodynamic  stability. 

The  on-board  electronics  package  incorporates  four  components:  an  accelerator,  an  analog 
recorder  with  built-in  computer  interface  port,  a  battery  pack,  and  a  g  switch  to  trigger  the  recorder. 
All  components  are  commercially  available.  Because  of  an  emphasis  on  concept  demonstration,  this 
program  focused  on  the  packaging  of  existing  commercial  hardware  rather  than  the  development, 
integration,  and  optimization  of  new  electronics.  This  approach  entailed  a  substantial  mass  penalty 
and  obvious  restrictions  in  size  since  no  miniaturization  of  components  was  attempted.  The 
physical  dimensions  of  the  apparatus  mandated  the  use  of  a  large-bore  EML  (Reference  1 0)  with  an 
appropriately  sized  power  supply. 

Piezoresistive  accelerometers  specifically  designed  for  high  g  applications  were  selected  for  these 
tests.  These  accelerometers  feature  such  characteristics  as  low  impedance,  high  overrange,  zero 
damping,  and  an  exceptionally  high  resonant  frequency.  These  latter  two  attributes  allow  the 
accelerometers  to  respond  accurately  to  the  fast  rise  time,  short  duration  shock  motion  found  in 
EMLs. 
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The  recording  instrument  was  a  one  channel,  8-bit  analog  recorder  (lES  Model  31)  rated  for  high 
n 00,000)  g  applications  (Reference  11).  It  was  originally  developed  to  measure  the  in-bore  ballistic 
behavior  of  conventional  artillery  and  to  collect  environmental  data  during  projectile  impact.  The 
theoretical  lower  limit  for  sampling,  set  by  the  Shannon  sampling  theorem,  is  two  samples  per  filter 
cutoff  frequency;  at  least  five  samples  per  cycle  are  recommended  for  most  applications.  Per 
specification,  the  recorder  was  factory-set  at  a  2  MHz  sampling  rate  and  a  Direct  Current  (DC)  to 
131  kHz  signal  bandwidth  with  a  4-pole  Butterworth  filter.  The  standard  recorder  was  equipped 
with  an  expanded  memory  option  that  extended  the  memory  size  to  128  kilobytes  (65  milliseconds) 
and  the  pre-trigger  data  storage  to  7138  bytes.  The  recorder  was  encapsulati  d  in  potting 
compound  inside  a  right  circular  cylinder  with  a  diameter  of  25.4  mm  length  of  57.4  mm,  and 
weighed  57  grams. 

The  recorder  was  activated  by  an  impact  switch  or  g  switch  (Aerodyne  Controls)  designed  to 
trigger  at  a  low  acceleration  level.  It  was  powered  by  six  1.5  volt  cells  from  a  standard  9  volt 
alkaline  battery  (Duracell  Model  MN1604B)  connected  in  series  and  encapsulated  in  potting 
compound.  See  Reference  1 1  for  details  on  battery  encapsulation  procedures.  The  recorder, 
batteries,  and  accelerometer  were  encased  in  steel  shells  for  structural  support  and  for  EMP 
shielding. 


SECTION  III 


MEASUREMENTS 


Two  test,  designated  as  IBI0197  and  1610235,  were  conducted  as  proof-of-principle 
demonstrations  of  the  on-board  accelerometer  concept.  The  data  collected  from  these  tests  are 
shown  in  Figures  1  and  2.  For  clarity,  the  data  traces  are  shown  both  in  the  raw  state  and  after 
digital  filtering  at  1 2  kHz. 

The  data  show  four  distinct  phases  of  acceleration;  (Da  relatively  low  magnitude,  prolonged 
period  of  acceleration  in  the  light  gas  gun  injector,  (2)  a  short  intense  period  of  electromagnetic 
acceleration,  (3)  flight  through  the  gun  after  current  decay  followed  by  free-flight  after  exiting  the 
barrel,  and  (4)  staged  deceleration  in  a  soft  catch  device. 

For  IBI0197,  controlled  deceleration  of  the  projectile  was  accomplished  via  passage  through 
lightweight  foam  and  plywood  stacked  perpendicular  to  the  lime  of  flight  in  alternating  layers.  The 
acceleration  profile  (Figure  1 )  shows  a  number  of  discrete  deceleration  events  corresponding  to  each 
plywood  layer.  As  expected,  the  general  trend  of  the  deceleration  profile  is  a  decrease  in  frequency 
and  in  magnitude  of  these  events  as  the  velocity  of  the  projectile  falls.  The  deceleration  history  of 
IBID235  (Figure  2)  differs  from  IBID197  due  to  the  addition  of  a  sandbag  in  the  soft  catch  tank  to 
compensate  for  the  increased  kinetic  energy.  The  objective  of  the  second  test  was  to  replicate  the 
results  of  the  first.  The  important  differences  in  the  two  tests  were  the  change  in  soft  catch 
materials,  a  slight  dissemblance  in  EML  acceleration  level  stemming  from  the  input  current 
magnitude  (941  kA  for  IBI0235  versus  821  kA  for  IBID197),  and  a  variance  in  resolution  of  the  two 
recorders.  The  signal-to-noise  ratio  is  dependent  upon  amplifier  gain,  accelerometer  sensitivity,  and 
the  magnitude  of  acceleration.  The  accuracy  of  the  data  is  affected  by  the  sample  rate  and  the  g's 
per  bit  value.  Since  the  acquisition  rate  (2  MHz  sampling)  is  fast  in  comparison  tc  the  bandwidth 
(131  kHz),  the  g's/bit  value  is  the  dominant  factor  for  obtaining  high  resolution  measurements. 

Most  integration  errors  occur  during  the  free  flight  of  the  projectile  in  which  the  magnitude  of 
acceleration  or  deceleration  is  low  and  fairly  constant  over  a  long  period.  The  g's/level  value  is 
determined  by  the  gain  of  the  recorder  amplifier  and  the  sensitivity  of  the  accelerometer  (see  Table 
2).  If  higher  acceleration/deceleration  peaks  are  to  be  recorded,  the  amplifier  gain  must  be  reduced; 
this  increases  the  g’s/bit  value,  thus  reducing  the  resolution  of  the  data,  and  introduces  more  error 
in  the  integration.  Conversely,  lowering  the  g’s/bit  calibration  value  increases  integration  accuracy 
but  reduces  the  acceleration-deceleration  range. 

In  sampled  data  systems,  the  signal  bandwidth  must  be  limited  to  less  than  half  the  sampling 
frequency  to  avoid  data  corruption  by  aliasing.  This  is  particularly  true  for  this  sensor  as  it  has  a 
noise  amplitude  characteristic  that  rises  continuously  with  frequency.  To  define  the  required 
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Figure  1 .  IBID1 97  Acceleration  Record,  ia)  Raw  Data  and  lb)  Filtered  Data 


bandwidth  for  monitoring  the  acceleration,  a  sampling  rate  believed  significantly  to  exceed  the 
requirement  was  used.  The  recorder  low  pass  cutoff  frequency  was  131  kHz.  By  applying  digital 
filtering  techniques,  the  bandwidth  can  be  reduced  as  necessary.  Due  to  the  increase  of  noise  with 
frequency,  an  artifact  will  always  be  seen  riding  the  signal  excursion.  This  artifact  takes  the  form  of 
an  oscillation  at  a  frequency  just  below  cutoff;  it  should  be  ignored.  The  selection  of  post-shot 
filtering  frequency  is  somewhat  arbitrary,  although  it  is  intended  to  eliminate  some  information  that 
may  not  correspond  to  whole  body  acceleration.  The  accelerometer  and  associated  electronics 
were  enclosed  in  a  launch  package  22  cm  long.  Assuming  that  sound  speed  in  the  launch  package 
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Figure  2.  IBID235  Acceleration  Record,  (a)  Raw  Data  and  (b)  Filtered  Data 


IS  on  the  order  of  5  km/s,  then  events  with  frequencies  higher  than  1 0  kHz  probablv  lio  not 
represent  whole  body  acceleration.  Components  within  the  launch  package  can  oscillate  at  higher 
frequencies  but  such  vibrations  are  not  of  interest  here.  Typically,  the  1 2  kHz  filtering  results  in  a 
data  set  that  is  easier  to  interpret. 

As  Table  2  shows,  the  second  test,  IBID235,  offers  better  resolution  due  to  the  higher  overall 
gain;  thus,  the  majority  of  the  data  analyses  are  accomplished  on  these  data. 
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TABLE  2.  DATA  COLLECTION  SPECIFICATION 


Shot  Designation 

IBID197 

IBID235 

Date 

7/16/90 

8/23/90 

Sample  rate  (MHz) 

1.9183 

1.9157 

Sample  period  (microseconds/pt) 

0.5231 

0.5220 

Accelerometer  range  (kgees) 

60. 

200. 

Accelerometer  sensitivity  (^/V/g) 

1.57 

1.17 

Amplifier  gain 

21.14 

57.39 

Amplifier  offset  (V) 

2.656 

2.676 

Resolution  (g's/bit)* 

588.55 

290.90 

*  The  amplitude  range  is  divided  into  256  discrete  levels  for  an  8-bit  Analog  to 
Digital  (A/D)  with  a  5  volt  range. 


8 


SECTION  IV 


DISCUSSION  OF  RESULTS 


The  measured  acceleration  profiles  contain  information  about  the  operation  and  performance  of 
the  railgun  (Reference  10).  While  the  railgun  was  operated  far  below  its  full  capacity  for  these 
tests,  the  data  still  provides  insight  into  the  behavior  of  railguns  as  macro  particle  accelerators.  This 
section  presents  considerations  for  data  validation,  a  comparison  of  the  measured  acceleration  to 
two  simulation  codes,  a  discussion  of  some  unanticipated  features  in  the  acceleration  profiles,  and 
predictions  of  the  payload  environment. 

1 .  VALIDATION  TECHNIQUES 

Perhaps  the  most  straightforward  method  of  data  validation  is  the  direct  comparison  of  the 
observed  acceleration  to  that  predicted  by  a  simulation  code.  During  the  injection  phase  of  the 
launch,  the  projectile  is  driven  by  an  expanding  column  of  helium  gas  from  a  reservoir  via  a  fast 
acting  valve.  A  simple  simulation  code  has  been  written  that  models  the  projectile  acceleration 
assuming  adiabatic  expansion  of  the  gas  and  a  Lagrange  velocity  gradient  to  account  for  the  speed 
of  sound  in  helium.  The  valve  opening  time  has  been  measured  at  approximately  1 .5  milliseconds 
and  the  simulation  code  assumes  that  reservoir  pressure  increases  linearly  in  that  time.  Typically, 
the  simulation  slightly  overpredicts  the  observed  velocity  of  the  injection  system;  this  result  is 
expected  because  friction  between  the  projectile  and  bore  is  not  accounted  for  properly.  The 
predicted  velocities  have  been  within  a  few  percent  of  the  observed  velocities  for  a  wide  range  of 
projectile  masses.  Figure  3  matches  the  measured  acceleration  with  the  predicted  acceleration  from 
the  gas  gun  simulation  code.  The  time  scale  of  the  simulation  has  been  arbitrarily  offset  so  that  the 
data  and  prediction  begin  at  approximately  the  same  time.  Rgure  3  shows  good  agreement 
between  the  simulated  and  measured  values,  although  the  simulation  slightly  overestimates  the 
acceleration  between  0.005  and  0.01 1  seconds.  The  electromagnetic  acceleration  that  occurs 
between  0.01 7  and  0.020  seconds  is,  of  course,  not  predicted  by  the  gas  gun  simulation. 

Generally,  this  analysis  qualitatively  and  quantitatively  validates  the  data  and  illustrates  that  the 
recorder  is  accurate  even  when  operating  well  below  the  maximum  range  setting. 

In  an  alternate  approach  to  data  validation,  the  recorded  data  is  integrated  to  produce  a 
continuous  velocity  profile  for  the  launch  event.  A  second  time  integration  produces  a  position 
versus  time  history.  Simple  numerical  integration  is,  however,  quite  sensitive  to  the  baseline  or  zero 
level  of  the  recorded  data.  Figure  4  displays  both  the  single  and  double  integration  of  the 
acceleration  recorded  for  IBID235.  The  electromagnetic  acceleration  is  seen  as  a  dramatic  rise  from 
200  to  340  meters/second  at  0.018  seconds.  The  data  suggests  that  the  electromagnetic  boost 
occurred  after  the  projectile  had  traveled  approximately  2  meters  from  its  initial  position.  This  result 
validates  the  doubly  integrated  data  during  the  gas  gun  portion  of  the  acceleration.  The 
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deceleration  (when  the  projectile  struck  the  plywood  in  the  soft  catch  system)  should  have  occurred 
at  7.9  meters.  There  is  strong  evidence  in  the  data  that  this  deceleration  began  at  0.034  seconds 
at  very  nearly  the  correct  position.  Again,  the  close  agreement  between  the  integrated  data  and  the 
physical  arrangement  of  the  experiment  adds  credibility  to  the  data. 
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Figure  3.  Comparison  of  1610235  Acceleration  with  Gas  Gun  Simulation 

Deceleration  is  evident  in  the  velocity  history  between  0.034  and  0.042  seconds.  The  projectile 
came  to  rest  approximately  9.5  meters  from  its  initial  starting  location.  The  failure  of  the  velocity 
integral  to  return  to  zero  is  of  some  concern  but  a  number  of  potential  problems  may  have  occurred. 
First,  the  amplified  baseline  may  have  shifted  slightly  during  the  event  with  the  error  being 
compounded  by  integration.  Second,  the  accelerometer  may  have  been  overdriven  or  changed 
characteristics  slightly  during  the  very  rapid  deceleration  that  occurred  as  the  projectile  penetrated 
the  sand  bag  in  the  soft  catch  system.  Lastly,  the  effects  of  electromagnetic  interference  cannot  be 
ruled  out  as  possibly  adversely  effecting  the  measurement.  The  possibility  of  electromagnetic 
interference  with  the  baseline  is  supported  by  the  unexplained  increase  in  velocity  after  the 
electromagnetic  boost  was  complete  (i.e.,  0.020  to  0.034  seconds). 

The  final  data  validation  technique  is  the  comparison  of  the  continuous  velocity  measurement 
with  velocity  measurements  made  at  discrete  points  along  the  launcher  as  shown  in  Figure  5. 
Numerous  probes  are  embedded  along  the  length  of  the  railgun  and  injector.  These  probes  sense 
the  arrival  time  of  the  launch  package.  The  distance  between  the  locations  of  adjacent  probes 
divided  by  the  difference  in  projectile  arrival  times  yields  an  average  velocity  for  the  time  when  the 
projectile  was  between  the  probes. 
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Two  types  of  probes  are  utilized  to  obtain  discrete  velocity  data.  First,  "light  gates"  in  the 
injector  flight  tube  sense  the  passage  of  the  launch  package  by  interruption  of  light  beams  that 
traverse  the  bore.  One  pair  of  these  probes  is  installed  in  the  injector  at  a  distance  0.86  meters 
from  the  breech  end  of  the  rails. 
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Figure  5.  Comparison  of  Velocity  Measurement  Techniques  for  I6ID235 
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Second,  several  'B-dot  loops”  are  embedded  in  the  insulators  that  separate  the  rails.  There  are 
three  possible  orientations  of  the  B-dot  loops;  the  probes  used  here  are  oriented  to  sense  only 
magnetic  field  from  the  armature  so  a  bipolar  signal  is  observed  when  the  armature  passes  each 
probe.  The  peak  of  the  first  portion  of  the  signal  corresponds  to  the  leading  edge  of  the  armature  or 
trailing  edge  of  the  projectile.  Again,  the  difference  in  timing  of  the  signals  from  adjacent  probes 
was  used  to  calculate  an  average  velocity.  The  discrete  velocity  points  may  be  compared  directly 
to  the  continuous  velocity  profile  if  the  time  scales  of  the  two  recording  devices  can  be  properly 
correlated.  Alternatively,  the  velocity  data  may  be  plotted  as  a  function  of  probe  location  with 
respect  to  the  initial  position  of  the  projectile.  The  velocity  and  position  integrated  data  may  then 
be  plotted  with  position  (projectile  travel)  as  the  ordinate  and  with  velocity  as  the  abscissa. 

in  Figure  5  the  velocity  is  displayed  as  a  function  of  distance  traveled  by  the  projectile  for 
IBI0235.  The  curve  is  the  first  time  integral  of  the  acceleration  data  plotted  as  a  function  of  the 
double  integration  of  the  data.  The  discrete  points  are  based  on  velocities  from  probe  pair 
differences  plotted  at  a  position  midway  between  the  pair.  The  data  point  at  0.6  meters  is  the 
measured  velocity  in  the  injector  flight  tube,  and  the  three  data  points  between  2.5  and  3.5  meters 
are  obtained  from  differences  of  four  B-dot  signals.  Again,  the  independent  measurements  support 
the  IBID  data.  Uncertainty  in  each  of  the  discrete  velocity  measurements  is  between  5  and  10 
percent. 

2.  ELECTROMAGNETIC  ACCELERATION  PROFILES 

The  total  duration  of  the  current  pulse  supplied  to  the  railgun  was  just  over  three  milliseconds  in 
length  with  a  peak  value  of  941  kA.  The  pulse  width  at  half  maximum,  however,  was  less  than  one 
millisecond.  Given  the  measured  current  profile,  the  ideal  railgun  acceleration  is  given  by 

alt)  =  (Mt)J*  ■  (1) 

A  direct  comparison  of  the  measured  and  ideal  acceleration  on  IBID235  is  shown  in  Figure  6  for  the 
time  window  between  0.017  and  0.020  seconds.  The  solid  curve  exhibiting  considerable  structure 
is  the  measured  acceleration.  The  curve  labeled  ’Ideal  Acceleration”  is  calculated  from  Equation  1 
and  the  measured  current. 

The  curve  labeled  ’Electrothermal  (ET)  Thrust”  in  Figures  6  and  7  is  a  postulated  acceleration 
that  might  occur  from  heating  the  gas  behind  the  projectile  by  the  ohmic  dissipation  in  the  armature. 
This  curve  is  simply  the  product  of  muzzle  voltage  and  current,  which  has  been  scaled  by  an 
arbitrary  constant.  Curiously,  this  scaling  factor  is  about  5000  and  has  units  of  meters  per  second, 
approximately  the  speed  of  sound  in  the  plasma  armature.  Subtracting  the  calculated 
electromagnetic  acceleration  from  the  measured  acceleration  yields  the  final  curve  labeled 
’Difference.”  Clearly,  the  postulated  ET  acceleration  does  not  match  the  structure  (Labeled  1 
through  6)  of  the  unanticipated  acceleration. 
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Similar  features  are  seen  (Figure  7)  for  the  measured,  calculated,  and  unanticipated  acceleration 
of  IBID1 97.  Most  of  the  features  appear  to  have  been  reproduced  in  both  shots.  In  IBID1 97, 
however,  the  amplifier  gain  was  not  as  large  as  in  IBID235  so  some  features  are  not  as  clear. 
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Figure  6.  Comparison  of  Measured  and  Ideal  Acceleration  for  IBID235 
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Figure  7.  Comparison  of  Measured  and  Ideal  Acceleration  for  IBID  1 97 


Feature  1  occurs  30  to  50  microseconds  after  current  is  initiated  in  the  railgun.  Examination  of 
the  breech  voltage  trace  shows  this  feature  to  be  coincident  with  the  vaporization  of  the  aluminum 
fuse  The  plasma  armature  was  formed  by  exceeding  the  action  for  vaporization  of  an  hourglass¬ 
shaped  fuse  attached  to  the  rear  face  of  the  launch  package.  It  is  possible  that  Feature  2  is  related 
to  the  ET  acceleration  postulated  above;  however,  the  shape  is  not  a  good  match,  and  the  selected 
scaling  factor  is  purely  arbitrary.  Feature  3  is  unexplained. 

The  acceleration  recorded  during  the  current  pulse  is  quite  complex,  but  it  can  be  decomposed 
into  more  understandable  terms.  The  first  step  was  to  model  the  acceleration  expected  due  to  the 
current  via  the  Lorentz  force  (Figure  6).  The  ’Difference*  trace  in  Figure  6  displays  a  high 
frequency  oscillation  characteristic  of  the  type  of  accelerometer  as  discussed  under  filtering.  A  5 
kHz,  low-pass  filtered  version  (Figure  8)  displays  the  pulsing  nature  of  the  signal,  apparently  riding 
on  a  decaying  longer  pulse.  The  longer  pulse  (trace  labeled  ’Thermal*)  fits  reasonably  well  with  the 
thermal  energy  of  the  exploding  foil  fuse  that  initiates  the  plasma  armature. 
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Figure  8.  Possible  Components  of  Acceleration  from  IBID235 

In  Figure  6,  Features  4,  5,  and  6  have  a  periodic  spacing  of  approximately  640  microseconds,  or 
equivalently,  a  1.6  kHz  frequency.  Feature  4  is  spaced  66  microseconds  from  current  initiation. 

Note  that  the  magnitude/amplitude  of  these  peaks  is  decreasing  with  time-i.e..  Feature  5  is  smaller 
than  Feature  4,  and  Feature  6  is  smaller  than  Feature  5.  Three  possible  explanations  are  offered; 

(1)  the  explosion  of  the  foil  creates  a  shock  wave  that  repetitively  passes  from  the  projectile  to  the 
breech  end  of  the  gas  injector  and  back  again,  (2)  the  explosion  of  the  foil  creates  a  shock  wave 
that  reverberates  in  the  projectile  package,  or  (3)  the  shock  wave  from  the  foil  vaporization  is  driven 
repeatedly  back  to  the  projectile  by  magnetic  forces.  The  first  explanation  is  compromised  by 


14 


experimental  evidence;  in  other  plasma  armature  tests  in  which  a  pressure  transducer  was  mounted 
at  the  breech  end  of  the  injector,  no  such  shock  waves  resulting  from  arc  initiation  were  observed. 

If  the  second  explanation  is  correct,  the  acceleration  is  unique  to  the  package  and  does  not 
accurately  portray  the  acceleration  history  of  the  projectile.  This  may  be  the  source  of  the  errors 
obtained  in  the  integrated  velocity  and  position  traces  (see  Figures  4  and  5).  For  the  third 
explanation,  the  "Difference"  (Figure  8,  dashed  curve)  is  highly  reminiscent  of  the  constant 
evolution  of  projectile  acceleration  for  the  arc  armature  initiation  behavior  predicted  by  Batteh  et  al. 
in  Reference  12. 

3.  BORE  ENVIRONMENT 

The  presence  of  electromagnetic  fields  (B)  with  high  rates  of  change  (B-dot)  differentiates  the  in¬ 
bore  environment  of  EMLs  from  conventional  guns.  The  magnetic  field  B  at  the  back  of  the 
armature  is  estimated  to  be  on  the  order  of  10  Tesla  for  the  reported  tests.  Fields  of  these 
strengths  are  high  enough  to  influence  the  proper  functioning  of  magnetic  field-sensitive  electronic 
components  through  the  Hall  effect.  Fortunately,  field  strength  in  front  of  the  armature  is  greatly 
reduced.  The  magnetic  field  strength  and  the  time  rate  of  change  are  at  maximum  intensity  nearest 
the  armature.  Their  magnitude  decreases  with  distance  from  the  armature,  shown  in  Figures  9  and 
10.  The  region  of  space  occupied  by  the  payload  has  two  contributors  to  the  magnetic  field  during 
acceleration-that  produced  by  the  armature  current  and  that  by  the  rail  current.  The  directions  of 
the  B-fields  produced  by  these  two  current  elements  are  in  opposition,  with  the  rail  current 
contribution  dominating  at  distances  very  close  to  the  armature  and  the  influence  of  the  armature 
field  growing  with  distance  from  the  armature.  Figures  9  and  1 0  were  generated  with  the  current 
and  rate  of  change  of  current  (dl/dt)  measured  during  IBID235  using  a  code  (Reference  13)  to 
calculate  the  total  flux  density  at  a  specified  point  ahead  of  the  armature.  The  locations  given  in 
the  legends  of  Figures  9  and  1 0  cover  the  region  of  space  where  the  payload  was  located  within  the 
launch  package.  Effects  of  these  field  intensities  on  the  electronics  are  unknown  but  do  not  appear 
to  be  highly  detrimental. 

J.  Asay  et  al.  has  suggested  (Reference  1 4)  that  the  time-changing  magnetic  field  can  induce 
electrical  currents  in  coupled  conductor  loops  or  into  conducting  bodies  of  extended  dimensions 
resulting  in  perturbation  or  burnout  of  electronics,  and  that  magnetic  pressure  may  deform  metallic 
parts.  Several  steps  were  taken  to  minimize  the  effect  of  the  time-changing  magnetic  field  on  the 
payload;  (1)  the  plane  of  the  recorder's  circuit  board  was  oriented  orthogonal  to  the  direction  of 
armature  current  (Reference  8)  to  reduce  the  induced  voltage  on  circuit  loops,  (2)  the  payload  was 
designed  with  the  sensitive  circuits  of  the  recorder  positioned  far  from  the  armature  in  a  low 
transient  region  (Figure  10),  and  (3)  the  electronics  were  encased  in  both  stainless  steel  and 
aluminum  conducting  shells  to  shield  sensitive  circuitry. 
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SECTION  V 


CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE  WORK 


Clearly  visible  in  both  measured  acceleration  profiles  are  light-gas  gun  injection,  electromagnetic 
acceleration,  and  deceleration  in  the  soft  catch  system.  The  light-gas  gun  injection  and  deceleration 
data  are  readily  explained  by  simple  models.  The  electromagnetic  acceleration  revealed  far  more 
information  than  was  anticipated.  It  is  evident  from  comparison  of  the  data  and  acceleration  models 
that  the  formation  of  a  plasma  armature  is  an  important  event  in  the  launching  of  a  projectile.  Three 
plausible  explanations  have  been  offered  to  account  for  the  unexpected  acceleration  at  the  on-set  of 
electrical  current  in  the  railgun.  These  effects  warrant  further  study. 

It  appears  that  a  50  kHz  bandwidth,  requiring  sampling  (given  reasonable  filter  parameters)  at 
300  kHz,  is  sufficient  for  this  task.  Three  channels  would  allow  x,  y,  and  z  monitoring  and  could  be 
obtained  by  multiplexing  the  present  recorder  input.  A  much  more  difficult  problem  is  the  need  for 
much  greater  resolution  while  maintaining  range  While  a  1 2-bit  A/D  converter  would  suffice,  no  1 
MHz  monolithic  1 2-bit  A/D  converter  has  been  built  in  the  small  packages  required,  and  the 
technology  is  not  expected  to  reach  that  point  for  several  years.  Compression  techniques  would 
allow  the  benefits  of  1 2-bit  resolution  at  low  values,  at  the  expense  of  increased  error  at  higher 
values-all  from  an  8-bit  converter. 

This  approach  has  revealed  two  inherent  disadvantages:  a  requirement  for  a  soft-catch 
capability,  and,  for  small  bore  guns,  a  substantial  mass  penalty  to  carry  the  electronics  package.  A 
short-term  solution  to  the  first  problem  is  structural  reinforcement  of  the  projectile  to  protect  the 
electronic  components  during  soft  catch;  however,  this  approach  compounds  the  second  problem 
by  adding  mass  to  the  projectile.  In  the  long  term,  the  requirement  for  a  soft-catch  device  can  be 
eliminated  through  telemetry,  and  reductions  in  projectile  mass  will  come  through  advances  in 
materials  and  electronics  packaging  technologies. 

Because  existing  laboratory  hardware  allows  only  modest  increases  in  kinetic  energy,  the  concept 
of  this  technique  as  a  ’flying  laboratory”  for  other  diagnostics  will  be  exploited.  While  the  axial 
acceleration  of  a  projectile  in  an  EML  should  be  predictable  and  verifiable  via  conventional  position¬ 
time  diagnostics,  balloting  or  the  lateral  motion  of  a  projectile  in  a  gun  tube  is  not.  An 
accelerometer  oriented  to  measure  lateral  motion  might  be  used  to  quantify  the  magnitude  of  in-bore 
balloting  and  tip-off  (the  effect  of  random  lateral  impulses  on  a  projectile  at  bore  exit  due  to 
balloting  or  loss  of  support).  If  size  and  mass  restrictions  imposed  by  the  experimental  EML  system 
can  be  met,  a  multichannel  recorder  will  be  used  to  obtain  the  simultaneous  measurement  of  axial 
acceleration  and  lateral  acceleration  in  ooth  the  rail-to-rail  and  insulator-to-insulator  directions. 
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While  the  data  from  the  first  two  in  situ  tests  of  projectile  acceleration  are  insufficient  to  reach 
formal  conclusions  about  arc  initiation,  they  clearly  indicate  the  productivity  of  this  method. 
Valuable  indications  of  underlying  mechanisms  have  been  seen,  indicating  the  value  of  this 
technique.  The  arc  initiation  can  be  studied  with  present  capabilities,  while  hypervelocity  arc 
studies  must  await  the  development  of  a  hypervelocity  soft-catch  or  transponder  capability. 
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